We report here first-principles determination of the electric-field gradient (EFG) tensor at the Cd impurity located at cation sites in rutile Ti0 2 . As far as we know, these represent the first ab initio calculations at impurity sites with the FP-LAPW method in oxide systems. We used super-cells to simulate the diluted impurity in the crystal. The free-relaxation process performed in our study shows that the changes in distances of the oxygen nearest-neighbours to the impurity are not isotropic as was supposed in a previous study within the muffin-tin approximation. Our prediction for the EFG component of major absolute value agrees well with the experiment and is opposite in sign and direction if isotropic relaxations are assumed. Our value of the asymmetry parameter r\ also compares very well with the experimental value.
Introduction
The electric-field gradient (EFG) tensor at crystalline sites in solids can be determined by several experimental techniques such as Perturbed-Angular Correlations (PAC), Nuclear Quadrupole Resonance (NQR), Perturbed Angular Distributions (PAD) and Mössbauer Spectroscopy (MS). Through the measurement of the EFG in adequate ionic sites in solids it is possible to obtain a nanoscopic and highly localised characterisation of disperse species or coexistent compound phases as well as to monitor phase transitions or direct populations of non-equivalent crystalline sites [1] [2] [3] [4] . The study of the EFG dependence on temperature, pressure, impurity character, concentration, etc., enables the development of semiempirical and theoretical models that goes deeper in the understanding of the physical properties of condensed matter.
From the theoretical point of view, the determination of the EFG at an impurity has several difficulties that make a realistic calculation very cumbersome. The EFG tensor elements, Vy, are very sensitive to the asymmetry of the charge distribution in the neighbourhood of the impurity. This fact necessitates a very accurate electronicstructure calculation and also, as we will show, a very accurate estimation of the ionic relaxations introduced by the impurity in the host. As far as we know there have not been many attempts to treat these problem from firstprinciples. One of them is the work of Sato et al. [5] , where a muffin-tin approximation is made for the potential and an isotropic relaxation is proposed for the oxygen nearest-neighbours (NN) of the impurity (Cd in Ti0 2 ).
In this work we report a first-principles determination of the EFG tensor at a Cd impurity located at a Ti cation site in rutile Ti0 2 . We used super-cells to simulate the impurity system and performed calculations of the electronic structure and forces on the atoms. We carried out a free-relaxation of the NN oxygen atoms of the impurity and obtained that in the system studied this approach gives an EFG having different sign and pointing in a different direction than that obtained if isotropic relaxations are assumed as was done by Sato et al. [5] .
Method of Calculation
Our aim was to calculate the EFG tensor at a Cd impurity replacing Ti in rutile Ti0 2 . The general scheme we adopted to deal with this problem was the following: we 0932-0784 / 2000 / 0100-0267 $ 06.00 © Verlag der Zeitschrift für Naturforschung, Tübingen • www.znaturforsch.com considered a periodically repeated super-cell containing a single Cd impurity and performed first-principles calculations in order to determine the self-consistent potential and charge density inside the cell. We studied the relaxation introduced by the impurity, computing the forces on the Cd oxygen nearest-neighbours (Cd-0 NN) and moving them until the forces vanished. We followed during this study the behaviour of the EFG tensor, taking into account the charge state of the impurity, as we explain further below.
The calculations were performed with the WIEN97 implementation, developed by Blaha et al. [6] , of the FullPotential Linearized-Augmented-Plane-Wave (FP-LAPW) method [7] , and we worked in the LDA approximation [8] . In this method no shape approximation on either the potential or the electronic charge density is made, being thus specially suited for EFG calculations. For methodological purposes the unit cell is divided into non-overlapping spheres with radius /?, and an interstitial region. The atomic spheres radii used for Cd, Ti and O were 1.11, 0.95 and 0.85 A, respectively. We took for the parameter RK Max , which controls the size of the basis-set in these calculations, the value 7. This value gives well converged basis-sets consisting of 1,200 LAPW functions. We also introduced local orbitals (LO) to include Ti-3s and 3p, 0-2p and Cd-4p orbitals. The correctness of the choice of these parameters was checked by performing calculations for other /?,'s and RK MAX 's. Integration in reciprocal space was performed using the tetrahedron method taking 150 k-points in the first Brillouin zone. Once self-consistency of the potential was achieved, quantum-mechanically-derived forces were obtained according to Yu et al. [9] , and the ions were displaced according to an Newton damped scheme [ 10] until the forces on Cd-0 NN's were below some tolerance value taken as 0.025 eV/Ä.
In the LAPW method, the V,, are obtained directly from the V 2M components of the lattice harmonic expansion of the self-consistent potential (a more detailed description of the formalism used to compute the EFG tensor may be found in [11] ). The valence contribution to originates from the asymmetry of the valence electronic charge density and is the dominant contribution. Given that this term is so sensible to the details of the electronic structure, we reviewed at this point the approach used for the case of an impurity system, in our case the double-acceptor Cd 2+ in Ti 4+ 0 2~. The consideration of a super-cell to simulate the impurity Cd in Ti0 2 implies that we are working in a metallic system, and the size of the super-cells considered in this work is small enough to ® Oxygen V" values throughout the article are referred to the principal axis system indicated in this figure. make the valence contribution to \j dependent on the filling of the band. Then, at each step of the relaxation, once we have obtained the self-consistent potential, we computed again the valence charge density adding two electrons to the super-cell in order to fill up the p-oxygen band and mimic the physical situation of a highly diluted impurity system.
Results and Discussion

Cell and Super-Cells
The rutile (Ti0 2 ) structure is tetragonal (a = b = 4.594 A, c = 2.959 Ä), the unit cell containing 2 metal atoms (Ti) at positions 2 a (0, 0, 0) and (1/2, 1/2, 1/2) and 6 anions (O) at positions 4 f (1 ± u, 1 ± u, 0) and (1 /2 ± u,-(± u -112), 1/2) with u = 0.305 [12] , The super-cell (called "doublecell") considered in the present work is shown in Figure 1 . It consists of two units cells of Ti0 2 stacked along the c-axis with one body-centered Ti atom replaced by the Cd atom. Even when the concentration of Cd is absolutely unrealistic compared with ppm dilutions of PAC experiments, this super-cell has several adequate features for our purposes: the Cd atom has the same first two shells of nearest neighbours (6 oxygen and 8 Ti) as in the ideal situation of a high dilute impurity system; the same holds
Step of Relaxation Process for the oxygen atoms to be relaxed that have one Cd and two Ti neighbours.
Relaxation Process
(a) 12-atoms "double-cell"
In order to study the relaxation introduced by the impurity we considered oxygen Ol, 02, and 03 displacements until forces vanished (see Figure 1) . Displacement of 03 atoms, which is very small, is not essential, and none of the conclusions of this work are affected by it, thus we will not mention it in what follows. In Fig. 2 we show the distance from Cd to 01 and 02 along the process of relaxation. As expected, the oxygen atoms relax outwards along the Cd-0 directions but our results show that the relaxation is far from being isotropic as Sato et al. have supposed working with the same super-cell [5] . In fact, 02 atoms are nearer to the impurity at the end of the process than 01 atoms. This means that the situation was inverted with respect to the initial configuration described in Section 3.1.
(b) 24-atoms "quadruple-cell"
In order to check that the relaxation obtained is not spurious effect of the "double-cell" (note that two 02 at- Step of Relaxation Process Fig. 3 . Calculated EFGs at Cd in Ti0 2 in the "double-cell" of Fig. 1 during the relaxation process. Experimental values [13] are also shown (crosses), assuming our calculated sign for the major absolute value component.
oms from neighbouring cells approach each other since they are both neighbours of Cd atoms located along the (-110) direction) we have considered at 24-atoms supercell repeating the "double-cell" of Fig. 1 in the (010) direction but replacing the Cd atom by Ti and with all the atoms of the Ti0 2 structure in their original positions. In this way, the atoms that were in the (-110) direction in the "double-cell" of Fig. 1 as: Cd-02-02-Cd are now as: Cd-02-02'-Ti, where the 02' is also allowed to relax. In the first run we located 01, 02 and 03 at the relaxed positions of the 12-atoms "double-cell" and obtained that the forces were small, confirming that the results of the relaxation with the "double-cell" of Fig. 1 are , at least qualitatively, right. Two steps of further relaxation produced the changes in distances shown in Fig. 2 with open symbols.
Electric-Field Gradients
In every step of the relaxation process, V ; y is diagonal in the x, y, z axis-system of Figure 1 . In Fig. 3 we show the behaviour of the diagonalised tensor in this system, V i7 , for all the steps of the 12-atoms "double-cell" relaxation. We see that, even when the displacements of oxygen atoms are small (Fig. 2) , their effect on V ;i is quite strong. In particular, the major component of the EFG (the magnitude to be compared with a PAC experiment) changes it's sign and axis when the distance Cd-01 changes from being smaller to bigger than the distance Cd-02 (steps 3 to 5 in Figure 2) . The values obtained for the greatest absolute component of the EFG (eq) and r/ reproduce successfully the experimental values (see Ta- Table 1 ) are similar to the ones we obtain when d(Cd-01)<d(Cd-02) (e.g., step 2 in Fig. 3) , suggesting that the difference between the two calculations comes from the different approach to perform the relaxation. But, in fact, Sato et al. also use another approach to calculate the electronic structure, i.e. the KKR method with the muffin-tin approximation. Hence, in order to separate the reasons of disagreement, we calculated \ tJ with our method and the oxygen atoms located at their suggested positions (isotropic relaxation). In this case we obtained the same sign and axis for the major component of the EFG than they did (see Table 1 ), confirming that the different predictions made by the two approaches are due to the different relaxation proposed. There is, however, an interchange between V XX and V ZZ that could be attributed to the muffin-tin approximation.
We therefore conclude that a free-relaxation treatment of the distorsions introduced by the impurity in its first shell of neighbours is crucial in order to make EFG predictions. An experimental determination of the sign and axis of eq would be very important to confirm the relevant features of the relaxation predicted in the present work. PAC experiments in single crystals are envisaged in our group in order to determine the axis of eq.
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